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Abstract 
Nowadays roasters are equipped with electric control board, thermo-regulator device, display for temperatures and 
on-line sensors to detect defects and/or the roasting end, depending on coffee types and blends and the desired 
roasting degree. It is important to have a good control of the roasting process in order to obtain a high quality final 
beverage. In this work a numerical model, based on a 3D digitized geometry, able to describe the heat and moisture 
transfer inside a coffee bean during the roasting process, was developed. The model makes reference to a rotating 
cylinder roaster in natural convection conditions. For the multiphysics model development heat and mass transfer 
equations inside the coffee bean were numerically solved using a finite element technique. To validate the numerical 
model, green coffee bean was singularly roasted using a rotating drum roasters prototype. The calculated moisture 
concentration and time-temperature curves were then compared with the observed data. The calculated temperature 
values, in the centre of the bean, appear to be in good agreement with those measured inserting thermocouples into 
the coffee bean (RMSE 6°C). Similarly the calculated volume averaged moisture was in good agreement with the 
experimental data (RMSE 265 mol/m3) over the entire time span. This model can be useful to optimise the roasting 
process control. 
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1.Introduction 
Roasting is a crucial stage in the coffee processing, that is aimed to change markedly the chemical, 
physical, structural and sensorial properties of the green beans by heat induced reactions. In this way 
roasting process makes coffee beans suitable for brewing. The green beans are, in fact, characterized by 
only a weak and greenly aroma and a hard texture hinders their use as food. Roasting is an intense 
thermal treatment during which coffee beans are heated at high temperatures (160-240°C) for times 
ranging between 8 and 20 min depending on the desired characteristics of the final product. In the case of 
an Italian-style coffee, the roasting temperature ranges between 200 and 240°C [1]. Roasting is a complex 
process involving both energy (from the roaster to the bean) and mass (water vapor and volatile 
compounds from the bean to the environment) transfer implied in the main changes of the coffee beans in 
terms of weight, density, moisture, color and flavor [2; 3]. Endothermic process and reactions (water 
evaporation) occur in the first stages of the roasting, whilst the undesirable exothermic pyrolysis of 
saccharides may occur at the latter roasting stages. Process efficiency and quality of the roasted coffee 
depend on several factors including: gas composition and temperature, pressure, time, relative velocity of 
beans and gas flow rate. Each roasting equipment needs a proper choice of the process parameters as they 
affect the rate of heat transfer to the coffee bean and thus the development of the heat induced reactions 
during roasting [4]. It is important to have a good on-line estimation and prediction of the roasting 
process in order to obtain a high quality final beverage. For the process optimization the moisture and 
temperature evolution in coffee beans during the roasting process can be studied by modeling. Limited 
data have been found to describe simultaneous heat and mass transfer during coffee roasting. 
Schwartzberg [5] developed a semi-physical model to evaluate coffee bean temperature and moisture 
content during the roasting in batch system. This model gives predictions for the average temperature of 
coffee, neglecting the real internal distribution. Hernandez et al. [6], using the equations proposed by [5] 
carried out a theoretical analysis of heat and mass transfer to evaluate the coffee bean’s temperature and 
moisture content during the roasting in bed batch system including the internal distribution. Heyd et al. 
[7] improved the model of Hernandez et al. [6], particularly as it regards a more detailed physical 
description of the moisture transfer. Basile and Kikic, [8] developed a model found on a lumped specific 
heat capacity approach for predicting the non-stationary thermal profile of coffee roasting, validated by 
the experimental data found by the previous authors. In this work the process conditions of both fluidized 
bed and drum roasting were considered. All these models had dealt with simplified geometry, particularly 
with spheres or semi-ellipsoids. The aim of this work was to develop a numerical model, based on a 3D 
digitized geometry, able to describe the heat and moisture transfer inside the bean, during the coffee 
roasting process. The model makes reference to a rotating cylinder roaster in natural convection 
conditions, and was then validated with experimental data obtained by a lab scale roaster. This model 
could be useful to optimize the roasting process control. 
2. Materials and Methods 
Commercial and well tested computational multiphysics codes are available nowadays, allowing an 
exceedingly flexible simultaneous numerical solution of the energy, mass and moment equation and are 
extensively adopted in the food engineering field The equations regarding heat and mass transfer inside 
the coffee bean during roasting were solved using Comsol Multiphysics 3.5 (COMSOL Inc., Burlington, 
MA, USA), a commercial partial differential equations solver based on finite element technique. 
During the roasting of coffee beans inside a small scale plant, heat is transferred mainly by natural 
convection from air to the product surface, and by conduction from surface toward the bean centre. 
Meanwhile moisture diffuses from the inside, towards the bean surface, and then vaporises. To simulate 
simultaneous heat and moisture transfer in bean during roasting, the following assumptions were made: 
a) moisture diffuses towards the product surface, and evaporates only at the surface; 
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b) the bean material is homogeneous and isotropic; 
c) the initial moisture and temperature of the bean are uniform; 
d) the heat produced by exothermic reactions during roasting is neglected; 
e)  the coffee volume is constant. 
The geometry of the model was built acquiring the real geometry of an Arabica coffee bean using a 3D 
scanner (Roland Picza Pix-30, Roland DGA Corporation,USA). 
An unstructured mesh with tetrahedral elements of appropriate size was generated in Comsol 
Multiphysics. 
To validate the numerical model, green coffee bean was singularly roasted at 200°C for a time of 10 
min using a rotating drum roasters prototype (EXPO 500/E, STA impianti, Bologna, Italy). The internal 
temperature of the bean and the air temperature were measured by thermocouples type K 
(Chromel/Alumel; Tersid Came, Italia) with a precision of ±0.5°C. One bean was drilled in order to insert 
a 3 mm diameter thermocouple and was placed in the drum centre. The experiments were repeated five 
times. The calculated time-temperature curves were then compared with the observed data. 
Subsequently samples of 3 g of Arabica green coffee bens were roasted at 200°C in the drum centre for 
2, 4, 6, 8, 10 and 14 min to measure the moisture content [9] at different roasting stage. The moisture 
measurement was repeated three times. The calculated moisture concentration was then compared to the 
observed data. 
3.Results and Discussion 
Figure 1 shows the temperature field of the coffee bean’s external surface, obtained by simulation 
carried out for 180 s at 200°C. The temperature value is represented by the gradation of colours spanning 
from 176 to 180°C. In particular in the figure the bean zones near the corner, are the first to equilibrate 
their temperature with that of  roasting gas. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Temperature field calculated on the bean coffee surface after 180 s of heat treatment at 200°C. 
 
In Figure 2 the time-temperature curves calculated in two bean points, respectively at the surface and 
in the bean centre, are shown. It can be observed that the lines are very close, especially after 300 seconds 
of treatment, when the temperature values are stabilised around at 200°C. Before this time the surface of 
the bean, as expected, reached more quickly the highest temperatures; particularly, the calculated mean 
difference of temperature between the surface and the centre until 300 s was of about 14°C. The internal 
bean temperature has an exponential behaviour similar to that described by Schwartzberg [5] when bean 
temperature is below 250°C. 
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Fig. 2. The time-temperature curve calculated in two bean points during 600 seconds of roasting at 200°C. 
 
In Figure 3a the calculated and observed time-temperature curves for a 600 seconds treatment at 200°C 
are reported. The simulated and experimental values appear to be in good agreement (RMSE 6°C). The 
maximum observed temperature is reached after about 300 seconds of treatment as found by Hernandez et 
al. [6] and Heyd et al. [7] in similar studies.  
Similarly (Figure 3b) the calculated volume averaged moisture was in good agreement (RMSE 265 
mol/m3) with the experimental data over all the time span. The maximum standard deviation in the 
observed data occurs at time 8 min, even if it is very small. Even if in same points there is not a perfect 
agreement between experimental and calculated data, probably due to the formation of steam inside the 
bean when the temperature increases. 
 
 
Fig. 3. (a) calculated (black) and observed (gray) time-temperature curves for a point located at 3 mm from the surface; (b) 
simulated and experimental moisture concentration at different treatment time. 
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4.Conclusion 
The present study may be considered a first step toward the development of a more complete model of 
industrial interest. Particularly, the model could be useful to optimize the roasting process and to 
understand the relationships between process parameters and product quality better. The model may be 
used to study the roasting process of other food products (beans and/or seed), after appropriate 
implementations of the thermal-physical properties of interested materials. 
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